Results Twenty-three evaluable patients with advanced cancers were treated on six different dose levels in Part I of the study. The dose-limiting toxicities were diarrhea, rash, mucositis, and fatigue. The MTD of the combination was 1,250 mg of lapatinib and 5 mg of everolimus once daily. In Part II of the study, 54 patients were treated with the combination at the MTD. The mean everolimus time to maximum concentration was increased by 44 %, and mean clearance was decreased by 25 % when co-administered with lapatinib, though these differences were not statistically significant. There was no significant influence on the PK of lapatinib by everolimus. Two patients achieved a partial response [thymic cancer (45+ months) and breast cancer (unconfirmed PR; 7 months)]; 11 patients attained stable disease of at least 4 months. Conclusions Lapatinib and everolimus are well tolerated at doses of 1,250 and 5 mg po daily, respectively. Stable disease ≥4 months/PR was achieved in 13 of 78 patients (17 %).
Introduction
The epidermal growth factor family of receptors has been shown to be crucial to the development of many cancers [1] . Drugs targeting members of this family have lead to clinical benefit in various malignancies, including nonsmall-cell lung and breast cancer. Lapatinib is an orally available small molecule reversible inhibitor of both Her2 and Her1 tyrosine kinases [2] and is currently approved for the treatment of Her2-amplified breast cancer in combination with capecitabine [3] .
3
The downstream pathways activated by these receptors include the PI3K/Akt and the Ras/Raf/Erk/MAPK signals. These signals activate many cellular events, including proliferation, anti-apoptosis, and metastatic invasion. One of the downstream effectors of the PI3K/Akt pathway is mammalian target of rapamycin (mTOR) [4] , a Ser/Thr protein kinase, that is a key factor in cellular growth and homeostasis. Rapamycin binds to the cytosolic protein FKBP12 inhibiting mTOR. Everolimus is an oral rapamycin analogue approved for the treatment of advanced renal cell carcinoma patients, neuroendocrine tumors, and estrogen receptor (ER)-positive breast cancers in combination with exemestane [5] [6] [7] .
Persistent PI3K/Akt pathway activity is an important mechanism of resistance to Her inhibitors. Since mTOR is an effector protein of the PI3K/Akt pathway, there is interest in evaluating the ability of mTOR inhibitors to enhance the activity of Her inhibitors [8] [9] [10] . Further, since both these drugs are used in breast cancer, information on their safety profile in combination may be useful. We conducted a Phase I study to determine the maximum tolerated dose (MTD) of the combination of lapatinib and everolimus and to evaluate the potential pharmacokinetic (PK) interactions during co-administration, as well as to describe any antitumor activity observed.
Methods
This study was conducted by the Early Therapeutics Committee of Southwest Oncology Group (SWOG). All patients were informed of the investigational nature of this study and signed a written informed consent in accordance with local institutional review board and federal guidelines. The study was conducted in two parts. Part I was performed in order to determine the MTD of the combination. In Part II, PK interactions were assessed. For Part II of the study, patients were randomly assigned to two cohorts. In Cohort A, the PK of everolimus alone, and with lapatinib, were assessed; in Cohort B, the PK of lapatinib alone, and with everolimus, were assessed.
Eligibility
Patients with advanced solid tumors for whom there was no effective therapy were eligible. Patients were required to have a Zubrod performance status of 0-2 (similar to ECOG performance status 0-2) and adequate hematologic, renal and hepatic function. Patients were also required to have a normal cardiac ejection fraction, assessed either with multi-gated acquisition (MUGA) scan or echocardiography.
Study evaluation and follow-up
Patients underwent a complete history and physical examination and laboratory analysis within 14 days prior to study registration and scans to assess the status of the cancer within 42 days prior to study registration. Cardiac ejection fraction assessment had to occur within 4 weeks prior to enrollment. All women of child-bearing potential underwent serum pregnancy test within 1 week of study registration. Patients while on study underwent history and physical examinations and laboratory assessment on a weekly basis for the first two cycles of therapy (each cycle was 28 days), then every other week for Cycles 3 and 4 and then once a cycle. Assessment of disease status was performed after every two cycles for the first four cycles, and thereafter, the frequency of disease assessment was left to the discretion of the treating physician. Patients underwent assessment of cardiac ejection fraction after every cycle for the first three cycles.
Treatment
In Part I of the study, starting on Day 1 of the first cycle, patients received the two drugs once a day, at escalating dose levels as shown in Table 1 . In Part II of the study, in order to assess PK interactions, patients in Cohort A started on everolimus on Day 1 of the first cycle and lapatinib was added on Day 8 of the first cycle. Patients enrolled on Cohort B started on lapatinib on Day 1 of the first cycle and everolimus was added on Day 8 of the first cycle. To avoid the confounding effect of food intake on lapatinib PK, patients were instructed to take their pills on an empty stomach, either 1 h before or 1 h after meals [11, 12] .
Treatment modifications
This study used the National Cancer Institute Common Toxicity Criteria version 3.0 for toxicity and adverse event reporting. Both drugs were held for Grade 3/4 nonhematologic toxicities and for Grade 3/4 neutropenia and thrombocytopenia. If the toxicity improved to ≤Grade 1 by 
Pharmacokinetic (PK) assessment
For determination of steady-state everolimus and lapatinib PK alone and in combination, serial blood samples were collected following the drug doses administered in the morning on Days 7 (everolimus or lapatinib alone) and 19 (everolimus + lapatinib) of Cycle 1. Patients were instructed to take their drugs on Day 7 and on Day 19 in the presence of the clinic personnel. On both Days 7 and 19, the exact time of drug administration was recorded. Separate 5-mL blood draws for everolimus and lapatinib (see below for details) were collected at the following times: at predose and 0.5, 1, 1.5, 2, 2.5, 3, 4, 6, 8, and 24 h postdose. The Day 7, 24 h post-dose blood draw was to be performed before Day 8 dosing. For lapatinib sampling at each of the timepoints listed above, 5-mL venous blood was collected into a tube containing EDTA for isolation of plasma. For everolimus sampling, a separate 5-mL venous blood was collected into a tube containing EDTA and whole blood was frozen for subsequent analysis.
Pharmacokinetic (PK) analytical methods
Everolimus blood concentrations were determined in all samples in the Analytical Pharmacology Core Facility (APCF) at the City of Hope using a validated LC/MS/MS assay based on a published method [13] . Lapatinib concentrations were determined in all samples by GlaxoSmithKline (GSK) using a previously reported LC/MS/MS assay [14] . Assay methodologies for both agents are based on previously reported methods, and the limits of detection for everolimus and lapatinib are 0.25 and 1 ng/mL, respectively.
Standard non-compartmental PK analyses of everolimus and lapatinib were performed using the rule of linear trapezoids. Secondary PK parameters (C max , T max , CL/F, and AUC) were determined for each drug and in each patient, and the steady-state PK parameters on Day 7 were compared to those on Day 19.
Statistical methods
Part I of the study used a traditional "3 + 3" dosing scheme for dose escalation to determine the MTD of the combination of lapatinib and everolimus. If one of the first three patients experienced a DLT at any dose level, an additional three patients were accrued to that dose level for DLT evaluation. Dose escalation was halted when two or more out of six patients experienced DLTs at a dose level.
Upon MTD determination and completion of Part I, additional patients were enrolled in Part II of the study. Twelve patients were to be enrolled to each of the two Part II cohorts. The primary goals for Part II of the study were to evaluate (a) the steady-state pharmacokinetics (PK) of each agent when administered alone, (b) the steady-state PK of everolimus and lapatinib when given in combination, and (c) the effect of adding either lapatinib or everolimus on the steady-state PK of the other agent. For (c), the assumption was normal distributions for single-agent C max and AUC with coefficients of variation of 50 % and a two-sided 0.05 significance level t test for comparing within-patient differences with and without the other agent for either PK parameter. A sample size of 12 patients had a power of 0.93 (0.81) to detect a 50 % increase when the within-patient correlation is 0.50 (0.25). The power to detect a 100 % increase (i.e., twofold) was ample.
Results

Part I
Twenty-six patients were enrolled from December 2006 to July 2008 (Table 2) , and 23 were evaluable for DLTs. One patient experienced Grade 4 pneumonitis at the first dose level of 750/2.5 (lapatinib/everolimus). One out of 6 patients developed Grade 2 rash and mucositis during the first cycle at the dose level of 1,250/5 leading to both drugs being held for >7 days. Two out of 5 patients developed DLTs of diarrhea and fatigue at the dose level of 1,500/5, and both patients enrolled at the 1,250/10 dose level experienced DLT of mucositis and rash. The MTD therefore was determined to be 1,250 mg of lapatinib and 5 mg of everolimus. The most common toxicities were diarrhea, fatigue, rash, anorexia, and mucositis.
Seventeen patients stopped therapy because of progression of disease and seven for adverse events. Eleven patients had stable disease as their best response. The median number of cycles administered was 2.
Part II Fifty-eight patients were enrolled on Part II of the study from August 2008 to July 2009 (Table 2) . Twenty-nine patients were enrolled on each of the cohorts, but 4 (1 in Cohort A and 3 in Cohort B) were deemed ineligible due to poor performance status, lack of complete laboratory profile or lack of appropriate scans within specified time period prior to enrollment. One patient with thymic carcinoma is still on therapy and has received 45 cycles. Thirty-five patients stopped therapy because of progression of disease, and 12 patients stopped therapy for adverse events. Other patients stopped therapy either due to patient or physician decision or worsening symptoms without evidence of progression. A patient with thymic carcinoma achieved a PR (duration = 45+ months). A patient with breast cancer achieved an unconfirmed PR (ER+ve, PR−ve, Her2 unknown). The latter patient was on study for 7 months. Fourteen patients in Part II of the study had stable disease as their best response. The median number of cycles in all patients was 2. The common toxicities across all grades were diarrhea, hyperglycemia, rash, AST/ALT elevation, and fatigue (Table 3) .
We also analyzed the number and type of patients who received more than 4 cycles of therapy as a possible indicator of clinical benefit. Thirteen patients received more than 4 cycles of therapy varying from 5 to 45+ cycles. Among these 13 patients, 2 patients had breast cancer (1 patient's tumor ER+, Her2 unknown; 1 patient's tumor was negative for ER, PR, Her2), 2 patients had soft tissue sarcomas, 2 patients had small bowel cancer, 2 patients with renal carcinomas, and 1 each of endometrial cancer, non-small-cell lung cancer (NSCLC), thymic carcinoma, hepatocellular carcinoma, and ovarian cancer.
Pharmacokinetics
Steady-state everolimus PK data, both alone and in combination with lapatinib, were available from 17 patients enrolled on Cohort A. Steady-state lapatinib PK data, alone and in combination with everolimus, were available in 20 patients enrolled on Cohort B. Pharmacokinetic assessment could not be performed in 21 patients because patients took the pills before coming for the PK blood draw, did not take the study pills for all of the days before the planned blood collection for PK, missed some of the PK blood draws, or came off treatment before all the planned blood draws. PK data for everolimus in whole blood and lapatinib in plasma are depicted in Figs. 1 and 2, respectively and in Table 4 .
The average everolimus AUC at steady-state alone and in combination with lapatinib was 348 (95 % CI 257-438) and 427 (95 % CI 333-540) μg/L h, respectively, and the mean everolimus CL/F at steady-state was 19 (95 % CI 14-24) and 14 (95 % CI 11-18) L/h, respectively. The mean everolimus C max with and without lapatinib was 39 (95 % CI 30-48) and 37 (95 % CI 31-43) μg/L, respectively, and the average T max with and without lapatinib was 1.6 (95 % CI 1.2-2.1) and 2.3 (95 % CI 1.8-2.8) h. The mean everolimus T max was increased 44 % (p = 0.06), and the mean CL/F was decreased 25 % (p = 0.08) when the drug was given in combination with lapatinib.
The mean steady-state lapatinib C max alone and in combination with everolimus was 2,350 (95 % CI 1,890-2,930) and 2,520 (95 % CI 2,020-3,130) μg/L, respectively, and the mean lapatinib Ctrough at steady-state was 800 (95 % CI 600-1,120) and 1,060 (95 % CI 760-1,470) μg/L, respectively. The mean lapatinib AUC with and without everolimus was 3,390 (95 % CI 2,660-4,330) and 3,740 (95 % CI 2,990-4,670) μg/L h. The average lapatinib T max with and without everolimus was 3 (95 % CI 0.5-8) and 4 (95 % CI 0-24) h. Differences in steady-state lapatinib PK determined with or without everolimus co-administration were not statistically significant.
Discussion
Many preclinical studies have suggested that the PI3K/Akt/mTOR pathway plays a role in both primary and secondary resistance to Her pathway inhibitors [8] [9] [10] 15] . However, it is important to recognize that other mechanisms, such as activation of the IGFR pathway, may also lead to resistance to these agents, and therefore, addition of mTOR inhibitors to Her inhibitors may benefit only select patients [16] . Nonetheless, the interest generated by preclinical studies of dual Her and mTOR inhibition formed the basis of the current Phase I study. Our study demonstrates that lapatinib and everolimus can be combined safely, but the dose of everolimus, when combined with lapatinib, has to be reduced to 5 mg daily from its singleagent dose of 10 mg daily. The dose of lapatinib is the same (1,250 mg po daily) as that approved for the combination of lapatinib and capecitabine in Her2-positive breast cancer patients. The main dose-limiting toxicities encountered were gastrointestinal (diarrhea and mucositis) and skin (rash) as well as fatigue.
Prior to the conduct of this study, there were some concerns regarding the potential side effects of the combination, particularly since both drugs are metabolized through the P450 enzyme system, particularly CYP3A4, and are P-glycoprotein substrates. In this regard, a Phase I/II trial of everolimus and imatinib revealed that imatinib increased levels of everolimus (mean AUC by 3.7-fold, C max by 2.2-fold), but everolimus did not affect levels of imatinib [17] . In addition, there are certain adverse effects, such as diarrhea and rash, which are common to both drugs. Despite these concerns, the combination was found to be well tolerated. No episode of cardiac dysfunction occurred in any of the treated patients. The adverse effects observed are similar to those expected from each of these two drugs individually. However, only nine patients in this study received the combination for more than 4 cycles at MTD, and some required dose reduction in one or both drugs. Therefore, patients who attain a response and are on the drugs for prolonged periods of time will need to be watched for cumulative side effects and may need further dose reductions.
The current study also included a comprehensive evaluation of the effects of each drug on the other drug's PK, including the possible inductive and inhibitive effects. To that end, a clinical trial design was selected that allowed us to evaluate the steady-state PK of the two drugs as single agents and in combination, using each patient as their own control. Patients were required to be fasting when they arrived on days of PK blood draws, could not have missed any dose during the first week of the first cycle, and required complete sample collections. The systemic exposure of lapatinib, as measured by AUC (0-infinity), when given in combination with everolimus, was essentially unchanged compared to the single-agent results. However, the exposure of everolimus was increased by an average of 25 % when co-administered with lapatinib. Interestingly, the effect of lapatinib on everolimus disposition may be related to an effect on the kinetics of drug absorption, as demonstrated by a 44 % increase in the T max . However, interference with everolimus elimination can also not be ruled out as a mechanism of a possible drug-drug interaction. Regardless, the PK differences observed when everolimus was given in combination with lapatinib did not reach statistical significance, possibly due to the high degree of inter-and intra-subject variability. Our study suggests that a 50 % difference in PK of either drug is unlikely. To detect a smaller difference of 25 %, approximately 43 patients per cohort would be necessary. A larger study would be required to determine the precise magnitude and mechanism of the effect of lapatinib on the PK of everolimus.
In a Phase I/II study of everolimus and trastuzumab in patients with breast cancer, the starting dose of everolimus was 10 mg daily [18] . At this dose, the incidences of common toxicities were similar to those in the current trial. However, the incidence of rash was higher in the current study, probably because of the concomitant use of everolimus. It is possible that a higher dose of everolimus can be delivered when combined with a monoclonal antibody as compared to a combination with another tyrosine kinase inhibitor. When everolimus has been combined with epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors, it has been used at the dose of 5 mg daily [19] [20] [21] . In the Phase I trial with gefitinib and everolimus, there was heterogeneity in both everolimus and gefitinib pharmacokinetics [19] . However, the number of patients who underwent pharmacokinetic analyses was small. In a Phase I study of erlotinib and everolimus, the pharmacokinetics of erlotinib with or without everolimus were similar [20] . However, systemic exposure to everolimus was 17 % higher with erlotinib than without.
Stable disease of at least 4 months and PRs (total = 17 %) were observed with this combination. The longest progression-free interval-45+ months-was seen in the only patient with thymic carcinoma enrolled on the trial. There is another case report of clinical benefit with erlotinib in a thymic carcinoma patient [22] . In addition, in a Phase I study of the mTOR inhibitor temsirolimus with bevacizumab and liposomal doxorubicin, 4 of 7 patients with thymic carcinoma had prolonged stable disease or partial response [23] . Furthermore, a recent study suggests that six of 10 patients with this type of tumor treated with an mTOR inhibitor-based combination regimen achieved stable disease ≥12 months or a PR [24] .
One of our patients who attained an unconfirmed PR (duration = 7 months) had ER-positive breast cancer (Her2 status of the tumor was not known). Recently, everolimus combined with exemestane prolonged progression-free survival in ER-positive patients with breast cancer compared to exemestane alone (6.9 vs. 2.8 months) [7] . In our study, a second patient who had triple-negative tumor also remained stable for 6 months. Preclinical studies suggest that triplenegative breast cancer may be susceptible to mTOR inhibition [24] . Interestingly, the triple-negative breast cancer cell lines sensitive to everolimus express EGFR, suggesting that the addition of an EGFR inhibitor to everolimus in this patient population maybe beneficial [25] . An ongoing study, NCT01272141, is evaluating the combination of everolimus and lapatinib in triple-negative breast cancer. Altogether, 11 patients with diverse tumors showed stable disease of at least 4 months, in addition to two patients mentioned above who showed over 30 % regression.
In conclusion, lapatinib and everolimus can be combined safely at doses of 1,250 mg daily and 5 mg daily, respectively. The common dose-limiting toxicities from the combination are diarrhea, rash, mucositis, and fatigue. The clinical utility of this combination will be defined by ongoing clinical trials (NCT01272141 (triple-negative breast cancer), NCT01283789 (her2-positive breast cancer), and NCT01499160 (endocrine-resistant breast cancer)). Additional trials may benefit from selecting patients who are her2+ and analyzing tumors for aberrations in the PIK3CA/Akt/mTOR pathways [26, 27] since correlation of pathway abnormalities with response remains to be established.
